We present results on the axial and the electromagnetic form factors of the nucleon, as well as, on the first moments of the nucleon generalized parton distributions using maximally twisted mass fermions. We analyze two N f =2+1+1 ensembles having pion masses of 213 MeV and 373 MeV each at a different value of the lattice spacing. The lattice scale is determined using the nucleon mass computed on a total of 17 N f =2+1+1 ensembles generated at three values of the lattice spacing, a. The renormalization constants are evaluated non-perturbatively with a perturbative subtraction of O(a 2 )-terms. The moments of the generalized parton distributions are given in the MS scheme at a scale of µ = 2 GeV. We compare with recent results obtained using different discretization schemes. The implications on the spin content of the nucleon are also discussed.
I. INTRODUCTION
Recent progress in the numerical simulation of Lattice Quantum Chromodynamics (LQCD) has been remarkable. The improvements in the algorithms used and the increase in computational power have enabled simulations to be carried out at near physical parameters of the theory. This opens up exciting possibilities for ab initio calculation of experimentally measured quantities, as well as, for predicting quantities that are not easily accessible to experiment. Understanding nucleon structure from first principles is considered a milestone of hadronic physics and a rich experimental program has been devoted to its study, starting with the measurements of the electromagnetic form factors initiated more than 50 years ago. Reproducing these key observables within the LQCD formulation is a prerequisite to obtaining reliable predictions on observables that explore Physics beyond the standard model.
A number of major collaborations have been studying nucleon structure within LQCD for many years. However, it is only recently that these quantities can be obtained with near physical parameters both in terms of the value of the pion mass, as well as, with respect to the continuum limit [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The nucleon electromagnetic form factors are a well suited experimental probe for studying nucleon structure and thus provide a valuable benchmark for LQCD. The nucleon form factors connected to the axial-vector current are more difficult to measure and therefore less accurately known than its electromagnetic form factors. A notable exception is the nucleon axial charge, g A , which is accurately measured in β-decays. The fact that g A can be extracted at zero momentum transfer and that it is technically straight forward to be computed in LQCD, due to its isovector nature, makes it an ideal benchmark quantity for LQCD. The Generalized Parton Distributions (GPDs) encode information related to nucleon structure that complements the information extracted from form factors [12] [13] [14] . They enter in several physical processes such as Deeply Virtual Compton Scattering and Deeply Virtual Meson Production. Their forward limit coincides with the usual parton distributions and, using Ji's sum rule [15] , allows one to determine the contribution of a specific parton to the nucleon spin. In the context of the "proton spin puzzle", which refers to the unexpectedly small fraction of the total spin of the nucleon carried by quarks, this has triggered intense experimental activity [16] [17] [18] [19] [20] .
II. LATTICE EVALUATION
In this work we consider the nucleon matrix elements of the vector and axial-vector operators
where τ a are the Pauli matrices acting in flavor space, ψ denotes the two-component quark field (up and down). In this work we consider the isovector combination by taking a = 3, except when we discuss the spin fraction carried by each quark. Furthermore, we limit ourselves to n = 1 and n = 2. The case n = 1 reduces to the nucleon form factors of the vector and axial-vector currents, while n = 2 correspond to matrix elements of operators with a single derivative. The curly brackets represent a symmetrization over indices and subtraction of traces, only applicable to the operators with derivatives. There are well developed methods to compute the so called connected diagram, depicted in Fig. 1 , contributing to the matrix elements of these operators in LQCD. Each operator can be decomposed in terms of generalized form 
where u N (p, s) denote the nucleon spinors of a given momentum p and spin s. F 1 (0) measures the nucleon charge while F 2 (0) measures the anomalous magnetic moment.
They are connected to the electric, G E , and magnetic, G M , Sachs form factors by the relations
The local axial current matrix element of the nucleon N (p ′ , s ′ )|O µ A 3 |N (p, s) can be expressed in terms of the form factors G A and G p as
s) .(4)
The matrix elements of the one derivative operators are parameterized in terms of the GFFs A 20 
Note that the GFFs depend only on the momentum transfer squared, q 2 = (p ′ − p) 2 , p ′ is the final and p the initial momentum. The isospin limit corresponds to taking τ 3 /2 in Eq. (2) and gives the form factor of the proton minus the form factors of the neutron. In the forward limit we thus have G E (0) = 1 and G M (0) = µ p −µ n −1 = 4.71 [21] , which is the isovector anomalous magnetic moment. Similarly, we obtain the nucleon axial charge, G A (0) ≡ g A , the isovector momentum fraction, A 20 (0) ≡ x u−d and the moment of the polarized quark distribution,Ã 20 (0) ≡ x ∆u−∆d . In order, to find the spin and angular momentum carried by each quark individually in the nucleon we need the isoscalar axial charge and the isoscalar one-derivative matrix elements of the vector operator. Unlike the isovector combinations, where disconnected fermion loops vanish in the continuum limit, the isoscalar cases receive contributions from disconnected fermion loops. The evaluation of the disconnected contributions is difficult due to the computational cost but techniques are being developed to compute them. Recent results on nucleon form factors show that they small or consistent with zero [22] [23] [24] . The disconnected contribution to the isoscalar axial charge has been contributed and was found to be nonzero, but it is an order of magnitude smaller than the connected one [25] . Therefore in most nucleon structure calculations they are neglected. In this work we will assume that the disconnected contributions are small, in which case, it is straightforward to evaluate the isoscalar matrix elements taking into account only the connected part depicted in Fig. 1 . The quark contribution to the nucleon spin is obtained using Ji's sum rule:
Moreover, using the axial charge for each quark, g q A , we obtain the intrinsic spin of each quark, ∆Σ q = g q A , and via the decomposition
In the present work we employ the twisted mass fermion (TMF) action [26] and the Iwasaki improved gauge action [27] . Twisted mass fermions provide an attractive formulation of lattice QCD that allows for automatic O(a) improvement, infrared regularization of small eigenvalues and fast dynamical simulations [28] . In the computation of GFFs the automatic O(a) improvement is particularly relevant since it is achieved by tuning only one parameter in the action, requiring no further improvements on the operator level.
We use the twisted mass Wilson action for the light doublet of quarks
where D W is the Wilson Dirac operator, m (0,l) is the untwisted bare quark mass, µ l is the bare light twisted mass. The quark fields χ l are in the so-called "twisted basis" obtained from the "physical basis" at maximal twist by the transformation
In addition to the light sector, we introduce a twisted heavy mass-split doublet χ h = (χ c , χ s ) for the strange and charm quarks, described by the action
where m (0,h) is the untwisted bare quark mass for the heavy doublet, µ σ is the bare twisted mass along the τ 1 direction and µ δ is the mass splitting in the τ 3 direction. The quark mass m (0,h) is set equal to m (0,l) in the simulations thus ensuring O(a)-improvement also in the heavy quark sector. The chiral rotation for the heavy quarks from the twisted to the physical basis is
The reader can find more details on the twisted mass fermion action in Ref. [29] . Simulating a charm quark may give rise to concerns regarding cut-off effects. The observables of this work cannot be used to check for such effect. However, an analysis in Ref [30] shows that they are surprising small.
A. Correlation functions
The GFFs are extracted from dimensionless ratios of correlation functions, involving two-point and threepoint functions that are defined by
For the insertion, O µ1···µn , we employ the vector (ψ γ µ ψ), the axial-vector (ψ γ 5 γ µ ψ), the one-derivative vector (ψ γ {µ1 D µ2} ψ) and the one-derivative axial-vector (ψ γ5 γ {µ1 D µ2} ψ) operators. We consider kinematics for which the final momentum p ′ = 0 and in our approach we fix the time separation between sink and source t f − t i . The projection matrices Γ 0 and Γ k are given by
The proton interpolating field written in terms of the quark fields in the twisted basis (ũ andd) at maximal twist is given by
where C is the charge conjugation matrix. We use Gaussian smeared quark fields [31, 32] to increase the overlap with the proton state and decrease overlap with excited states. The smeared interpolating fields are given by
We also apply APE-smearing to the gauge fields U µ entering the hopping matrix H. The parameters for the Gaussian smearing a G and N G are optimized using the nucleon ground state [33] . Different combination of Gaussian parameters, N G and a G , have been tested and it was found that combinations of N G and a G that give a root mean square radius of about 0.5 fm are optimal for suppressing excited states. The results of this work have been produced with β = 1.95 : N G = 50 , a G = 4, N APE = 20, a APE = 0.5, β = 2.10 : N G = 110, a G = 4, N APE = 50, a APE = 0.5 .
As already point out, in correlators of isovector operators the disconnected diagrams are zero up to lattice artifacts, and can be safely neglected as we approach the continuum limit. Thus, these correlators can be calculated by evaluating the connected diagram of Fig. 1 for which we employ sequential inversions through the sink [34] . The creation operator is taken at a fixed position x i = 0 (source). The annihilation operator at a later time t f (sink) carries momentum p ′ =0. The current couples to a quark at an intermediate time t and carries momentum q. Translation invariance enforces q = − p for our kinematics. At a fixed sink-source time separation we obtain results for all possible momentum transfers and insertion times as well as for any operator O {µ1···µn} Γ , with one set of sequential inversions per choice of the sink. We perform separate inversions for the two projection matrices Γ 0 and k Γ k given in Eq. (13) . An alternative approach that computes the spatial all-to-all propagator stochastically has shown ot be suitable for the evaluation of nucleon three-point functions [35] . Within this approach one can include any projection without needing additional inversions.
Using the two-and three-point functions of Eqs. (11)- (12) and considering operators with up to one derivative we form the ratio
which is optimized because it does not contain potentially noisy two-point functions at large separations and because correlations between its different factors reduce the statistical noise. For sufficiently large separations t f − t and t − t i this ratio becomes time-independent (plateau region):
From the plateau values of the renormalized asymptotic ratio Π(Γ λ , q) R = Z Π(Γ λ , q) the nucleon matrix elements of all our operators can be extracted. The equations relating Π(Γ λ , q) to the GFFs can be found in Refs. [1] [2] [3] . All values of q resulting in the same q 2 , the two choices of projector matrices Γ 0 and k Γ k given Eq. (13) and the relevant orientations µ, ν of the operators lead to an over-constrained system of equations, which is solved in the least-squares sense via a singular value decomposition of the coefficient matrix. All quantities will be given in Euclidean space with Q 2 ≡ −q 2 the Euclidean momentum transfer squared. Both projectors Γ 0 and k Γ k are required to obtain all GFFs, except for the case of the local axial-vector operator, for which the projection with Γ 0 leads to zero. For the one derivative vector operator, both cases µ = ν and µ = ν are necessary to extract all three GFFs, which on a lattice renormalize differently from each other [36] . On the other hand, the one-derivative axial-vector form factors can be extracted using only correlators with µ = ν, but we use all combinations of µ, ν in order to increase statistics. In Fig. 2 we show representative plateaus for the ratios of the local axial-vector and the one derivative vector operators at β = 1.95, using different momenta, projectors, and indices µ, ν. Since we use sequential inversions through the sink we need to fix the sink-source separation. Optimally, one wants to keep the statistical errors on the ratio of Eq. (16) as small as possible by using the smallest value for the sink-source time separation that still ensures that the excited state contributions are sufficiently suppressed. Recent studies have shown that the optimal sink-source separation is operator dependent [37, 38] . For g A excited state contamination was found to be small. We have also tested different values of the sink-source time separation [3] for the magnetic form factor and found consistent results when the sink-source separation was about 1 fm within our statistical accuracy. For the momentum fraction one would need to re-examine the optimal sink-source separation, which would require a dedicate high accuracy study. Since in this work we are computing several observables, we will use t f − t i ∼ 1 fm that correspond to the following values
This choice allows to compare with other lattice QCD results where similar values were used.
B. Simulation details
In Table I we tabulate the input parameters of the calculation, namely β, L/a and the light quark mass aµ, as well as, the value of the pion mass in lattice units [29, 39] . The strange and charm quark masses were fixed to approximately reproduce the physical kaon and D-meson masses, respectively [40] . The lattice spacing a given in this Table is determined from the nucleon mass as explained in the following subsection and it will be used for the baryon observables discussed in this paper. We note that the study of the systematic error in the scale setting using the pion decay constant as compared to the value extracted using the nucleon mass is currently being pursued. Since the GFFs are dimensionless they are not affected by the scale setting. However, a is needed to convert Q 2 to physical units, and therefore it does affect quantities like the anomalous magnetic moment and Dirac and Pauli radii since these are dimensionful parameters that depend on fitting the Q 2 -dependence of the form factors. 
C. Determination of lattice spacing
For the observables discussed in this work the nucleon mass at the physical point is the most appropriate quantity to set the scale. The values for the nucleon mass were computed using N f =2+1+1 ensembles for β=1.90, β=1.95 and β=2.10, a range of pion masses and volumes.
To extract the mass we consider the two-point correlators defined in Eq. (11) and construct the effective mass
where ∆ j = E j − m N is the energy difference of the excited state j with respect to the ground state mass, m N . Our fitting procedure to extract m N is as follows:
The mass is obtained from a constant fit to m eff N (t) for t ≥ t 1 for which the contamination of excited states is believed to be small. We denote the value extracted as m In Fig. 3 we show results at three values of the lattice spacing corresponding to β=1.90, β=1.95 and β=2.10.
As can be seen, cut-off effects are negligible and we can therefore use continuum chiral perturbation theory to extrapolate to the physical point using all the lattice results.
To chirally extrapolate we use the well-established O(p 3 ) result of chiral perturbation theory (χPT) given by
We perform a fit to the results at the three β values given in Table II 
We would like to point out that our lattice results show a curvature supporting the m 3 π -term. In order to estimate the systematic error due to the chiral extrapolation we also perform a fit using heavy baryon (HB) χPT to O(p 4 ) with explicit ∆ degrees of freedom in the so called small scale expansion(SSE) [33] . We take the difference between the O(p 3 ) and O(p 4 ) mean values as an estimate of the uncertainty due to the chiral extrapolation. This error is given in the second parenthesis in Eqs. (21) and it is about twice the statistical error. In order to assess discretization errors we perform a fit to O(p 3 ) at each value of β separately. We find a = 0.0920(21), 0.0818(16), 0.0655(12) fm at β = 1.90, 1.95, 2.10 respectively. These values are fully consistent with those obtained in Eq. (21) indicating that discretization effects are small confirming a posteriori the validity of assuming that cut-off effects are small. The values of the lattice spacing given in Eqs. (21) will be used for converting to physical units the quantities we study here. We would like to point out that redoing the O(p 3 ) fit eliminating data for which Lm π < 3.5 yields a β=1.90 = 0.0942 (14) fm, a β=1.95 = 0.0858(11) fm and a β=2.1 = 0.0653 (8) , which are consistent with the values given in Eq. (21) . In performing these fits we only take into account statistical errors. Systematic errors due to the choice of the plateau are not included. We also note that the lattice spacings were also determined from the pion decay constant using NLO SU(2) chiral perturbation theory to extrapolate the lattice data. The values obtained at β = 1.90, 1.95 and 2.10 in this preliminary analysis that included only a subset of the ensembles used here are smaller [39] , as compared to the values extracted using the nucleon mass. For the two β-values studied in this work they were found to be a fπ = 0.0779(4) fm at β = 1.95 and a fπ = 0.0607(3) fm at β = 2.10, where with a fπ we denote the lattice spacing determined using the pion decay constant. This means that the values of the pion mass in physical units quoted in this paper are equivalently smaller than those obtained using a fπ to convert to physical units. A comprehensive analysis of the scale setting and the associated systematic uncertainties is currently being carried out by European Twisted Mass Collaboration (ETMC) and will appear elsewhere.
D. Renormalization
We determine the renormalization constants needed for the operators discussed in this work in the RI ′ -MOM scheme [41] by employing a momentum source at the vertex [42] . The advantage of this method is the high statistical accuracy and the evaluation of the vertex for any operator including extended operators at no significant additional computational cost. For the details of the non-perturbative renormalization see Ref. [43] . In the RI scheme the renormalization constants are defined in the chiral limit. Since the mass of the strange and charm quarks are fixed to their physical values in these simulations, extrapolation to the chiral limit is not possible. Therefore, in order to compute the renormalization constants needed to obtain physical observables, ETMC has generated N f =4 ensembles for the same β values so that the chiral limit can be taken [44] . Although we will use the N f =4 ensembles for the final determination of the renormalization constants, it is also interesting to compute the renormalization constants using the N f =2+1+1 ensembles and study their quark mass dependence. This test was performed on both the β = 1.95 and the β = 2.10 ensembles. In the upper panel of Fig. 4 we show results at β = 2.10 for both N f =4 and N f =2+1+1 ensembles for the one derivative Z-factors in the RI ′ -MOM scheme. As can be seen, we obtain compatible values for all four cases. We also observe the same agreement for Z V and Z A also at β = 1.95. This can be understood by examining the quark mass dependence of these renormalization constants. In the lower panel of Fig. 4 we show, for the N f =4 case, the dependence of Z DV , Z DA on four light quark masses. The values we find are consistent with each other. This explains the fact that the results in the N f =4 and N f =2+1+1 cases are compatible. Furthermore, it makes any extrapolation of N f =4 results to the chiral limit straight forward.
We perform a perturbative subtraction of O(a 2 )-terms [43, 45, 46] . This subtracts the leading cut-off effects yielding, in general, a weak dependence of the renormalization factors on (ap) 2 for which the (ap) 2 → 0 limit can be reliably taken, as can be seen in Figs. 4 and 5 for the two N f = 2 + 1 + 1 ensembles. We also take the chiral limit, although the quark mass dependence is negligible for the aforementioned operators.
The renormalization factors for the one-derivative vector and axial-vector operators, Z . For the conversion factors from RI to MS we used the results of Ref. [47] for the local vector and axial-vector operators while for the one-derivative operators we used the expressions of Ref. [43] . Another characteristic of these renormalization constants is that they depend on the renormalization scale. Thus, they need to be converted to the continuum MS-scheme, and for this we use a conversion factor computed in perturbation theory to O(g 4 ). They are also evolved perturbatively to a reference scale, which is chosen to be (2 GeV) 2 . The results are shown in Fig. 5 both before subtracting the perturbative O(a 2 )-terms and after. Using the subtracted data we find the values given in Table III . 
Black circles are the unsubtracted data and the magenta diamonds the data after subtracting the perturbative O(a 2 )-terms. For comparison, we show the subtracted data using N f =2+1+1 gauge configurations at the same value of the quark mass and β (blue crosses). Lower panel: One derivative renormalization functions for β = 1.95 using N f =4 gauge configurations as a function of the twisted quark mass.
These are the values that we use in this work to renormalize the lattice matrix elements. The numbers in the parenthesis correspond to the statistical error. Our full results for the renormalization functions of the fermion field, local and one derivative bilinears along with the systematic error analysis will appear in a separate publication.
III. LATTICE RESULTS
In this section we present our results on the nucleon electromagnetic form factors, G E (Q 2 ) and G M (Q 2 ), and the axial-vector form factors, G A (Q 2 ) and G p (Q 2 ). We also show the n = 2 generalized form factors for the one-derivative vector operator, A 20 (Q 2 ), B 20 (Q 2 ) and C 20 (Q 2 ), and the one-derivative axial-vector oprator,
The numerical values are given in the Tables in Appendix A. The dependence of these quantities on the momentum transfer square, Q 2 , the lattice spacing, as well as on the pion mass is examined. We also compare with recent results from other collaborations.
As we already mentioned, most of the results are obtained for isovector quantities. For the renormalized nucleon matrix element of the operators with up to one derivative we thus consider
in the MS scheme at a scale µ = 2 GeV. Note that the local vector and axial-vector operators are renormalization scale independent, thus the conversion to the MS scheme is irrelevant.
In order to study the spin content of the nucleon we also compute the isoscalar matrix elements of the onederivative vector operator, as well as, the isoscalar axial charge assuming, in all cases, that the disconnected contributions are negligible.
A. Nucleon form factors
In Fig. 6 we present our results for the axial charge g A ≡ G A (0) using N f =2 and N f =2+1+1 twisted mass fermions. These are computed at different lattice spacings ranging from a ∼ 0.1 fm to a ∼ 0.06 fm. As can be seen, no sizable cut-off effects are observed. Lattice data computed using different volumes are also consistent down to pion masses of about 300 MeV, where we have different volumes. In a nutshell, our results do not indicate volume or cut-off effects larger than our current statistical errors. A dedicated high statistics analysis using the N f =2+1+1 ensemble at m π = 373 MeV has shown that contributions from excited states are negligible for g A [37, 38] . In recent studies, the so called summation method, that sums over the time-slice t where the current is inserted, is used as an approach that better suppresses excited state contributions [48] . Using this method to analyze lattice results at near physical pion mass it was demonstrated that, in fact, the value of g A decreases [7] . This decrease was attributed to finite temperature effects [49] , whereas for ensembles with large temporal extent the value of g A was shown to increase in accordance with Ref. [48] . Our main conclusion is that our lattice results are in good agreement with other lattice computations over the range of pion masses used in this work. It is also evident that further investigation is needed to shed light into the behavior of g A at near physical pion mass.
In Fig. 7 we compare our results to other recent lattice QCD data obtained with different actions. We show results obtained using domain wall fermions (DWF) [5] , clover fermions [51] , a mixed action with 2+1 flavors of asqtad-improved staggered sea and domain wall valence fermions [50] referred to as hybrid, and N f =2+1 of treelevel clover-improved Wilson fermions coupled to double HEX-smeared gauge fields [7, 49] . We observe that all these lattice results are compatible. This agreement corroborates the fact that cut-off effects are negligible since these lattice data are obtained with different discretized actions without being extrapolated to the continuum limit. The recent result of Ref. [49] at almost physical pion mass shows about 10% deviation from the physical value of g exp A = 1.267 [21] . This is a well-known puzzle and various directions have been explored to identify the source of the discrepancy [37, 38, 52, 53] . In Fig. 7 we also include the recent results obtained using N f =2 clover fermions at three lattice spacings a = 0.076 fm, 0.071 fm and 0.060 fm [51] . They include a result at almost physical pion mass, which is clearly higher than the corresponding one obtained in Ref. [49] . As already re- 
FIG. 7:
The nucleon axial charge for twisted mass fermions, N f =2 (filled red circles) and N f =2+1+1 (filled blue squares), as well as, results using other lattice actions: Filled (green) triangles correspond to a mixed action with 2+1 flavors of staggered sea and domain wall valence fermions [50] , crosses to N f =2+1 domain wall fermions [5] , open triangles to N f =2 clover fermions [51] and open (cyan) circles to N f =2+1 of tree-level clover-improved Wilson fermions coupled to double HEX-smeared gauge fields [49] . marked, the latter was shown to even decrease if one uses the summation method [7] . In Ref. [51] it is argued that volume corrections are sizable and increase the value of g A . We note that all lattice data shown in Fig. 7 are not volume corrected. In order to assess, which of these results would suffer from large volume corrections we show in Fig. 8 g A as a function of Lm π . The data points at almost physical pion mass are shown with the black FIG. 8: The nucleon axial charge for twisted mass fermions (N f =2 and N f =2+1+1), as well as results using other lattice actions versus Lmπ. Black symbols denote results at almost physical pion mass obtained using N f =2 [51] and N f =2+1 [49] clover fermions. The rest of the notation is the same as that in Fig. 7 .
symbols. The result from Ref. [49] at Lm π = 4.2 is lower than the one from Ref. [51] at Lm π = 2.74. Thus volume effects alone may not account for the whole discrepancy and therefore, there is still an open issue in the evaluation of g A . Next, we study the dependence of the axial form factors on the momentum transfer, Q 2 . In Fig. 9 we compare our N f =2+1+1 results for G A (Q 2 ) and G p (Q 2 ) as the pion mass decreases from 373 MeV to 213 MeV. As can be seen, the dependence on the pion mass is very weak for G A (Q 2 ) whereas for G p (Q 2 ) a stronger dependence is observed in particular at low Q 2 . This is not surpris-ing since G p (Q 2 ) is expected to have a pion-pole dependence that dominates its Q 2 -dependence as Q 2 → 0. The solid line is the result of a dipole fit to the experimental electroproduction data for G A (Q 2 ). Assuming pion-pole dominance we can deduce from the fit to the experimental data on G A (Q 2 ) the expected behavior for G p (Q 2 ), shown in Fig. 9 . As can be seen, both quantities have a smaller slope with respect to Q 2 than what is extracted from experiment. Such a behavior is common to all the nucleon form factors and it remains to be further investigated if reducing even more the pion mass will resolve this discrepancy. The Q 2 -dependence of the lattice QCD data for G A (Q 2 ) can be well parameterized by dipole Ansatz of the form
as it was done for the experimental results. Likewise, assuming pion-pole dominance we fit G p (Q 2 ) to the form
In both fits we take into account lattice data with Q 2 up to a maximum value of (1. These are higher than the experimental value of m exp A = 1.069 GeV [54] extracted from the best dipole parameterization to the electroproduction data. This deviation between lattice and experimental data reflects the smaller slope in the lattice QCD data. Another observation is that the fits for G p (Q 2 ) are strongly dependent on the lowest values of Q 2 taken in the fit due to the strong Figs. 10 and 11 we compare results using the two N f =2+1+1 ensembles with those obtained with N f =2 ensembles at similar pion masses. We do not observe large deviations between N f =2 and N f =2+1+1 result showing that strange and charm quark effects are small, as expected.
It is interesting to compare our TMF results to those obtained using different fermion discretization schemes. We collect recent lattice QCD results in Figs. 12 and 13 at similar pion masses. As can be seen, in the case of G A (Q 2 ) there is agreement of our results with those obtained using DWF and the hybrid approach. For G p (Q 2 ) hybrid results obtained on a larger volume are higher at small Q 2 -values. This is an indication that volume effects are larger for quantities like G p (Q 2 ) for which pion cloud effects are expected to be particularly large at small Q 2 .
We next discuss the results obtained for the isovector electromagnetic form factors, G E (Q 2 ) and G M (Q 2 ). 2 -dependence of the form factors GA (upper) and Gp (lower) for N f =2+1+1 twisted mass fermions at mπ = 213 MeV, a = 0.064 fm (filled blue squares) and N f =2 twisted mass fermions at mπ = 262 MeV and a = 0.056 fm (filled red circles). The rest of the notation is the same as that in Fig. 10 .
In Fig. 14 we compare our N f =2+1+1 results as the pion mass decreases from 373 MeV to 213 MeV. As can be seen, the values for both quantities decrease towards the experimental values shown by the solid line, which is J. Kelly's parameterization to the experimental data [55] . In particular, for G M (Q 2 ) lattice results at m π = 213 MeV become consistent with the experimental results. In order to extract the value of G M (0), we need to extrapolate lattice results at finite Q 2 . We
for N f =2+1+1 at mπ = 373 MeV (filled blue squares) and the N f =2 [3] at mπ = 298 MeV (filled red circles) twisted mass data on a lattice with spatial length L = 2.8 fm and similar lattice spacing. We also show results with N f =2+1 DWF at mπ = 329 MeV, L = 2.7 fm (crosses) [5] and with a hybrid action with N f =2+1 staggered sea and DWF at mπ = 356 MeV and L = 3.5 fm (open orange circles) [50] .
FIG. 13: The Q
2 -dependence of Gp(Q 2 ). The notation is the same as that in Fig. 12. parameterized both form factors by a dipole form
The values of G M (0) extracted are shown in Fig. 14 , as well as, the resulting fits with the dashed lines. The overall trend of the lattice QCD data clearly shows that as the pion mass decreases they approach the experimental values. However, even at m π = 213 MeV the value of G M (0), which determines the isovector anomalous magnetic moment, is still underestimated. In Table IV we tabulate the resulting fit parameters m E , G M (0) and m M for the two N f =2+1+1 ensembles extracted from the dipole fits of Eqs. (24) . In Fig. 15 we show the Q 2 dependence of G E (Q 2 ) and G M (Q 2 ) at β = 2.10 and m π = 213 MeV comparing it to the smallest available pion mass of 262 MeV obtained using N f =2 ensembles. Once again we do not observe any sizable effects due to the strange and charm quarks in the sea.
It is useful to compare TMF results to those obtained within different fermion discretization schemes. In particular, we compare in Figs. 16 and 17with results obtained using N f =2+1 DWF [4] , N f =2 Wilson improved clover fermions [52] and using the hybrid action [50] for a pion mass of about 300 MeV. We see a nice agreement among all lattice results for G E (Q 2 ), confirming that cut-off effects are small for these actions. In the case of G M (Q 2 ) there is also an overall agreement except in the case of the N f =2 clover results. These results are somewhat lower and are more in agreement with our results at m π = 213 MeV. The reason for this is unclear and might be due to limited statistics as these data carry the largest errors. Comparison of the N f =2+1+1 twisted mass data on GE(Q 2 ) (upper) and GM (Q 2 ) (lower) for the two different pion masses considered. The solid lines are Kelly's parameterization of the experimental data [55] , whereas the dashed lines are dipole fits to the lattice QCD data.
Having fitted the electromagnetic form factors we can extract the isovector anomalous magnetic moment and root mean square (r.m.s.) radii. The anomalous magnetic moment is given by the Pauli form factor F 2 (0) and the slope of F 1 at Q 2 = 0 determines the transverse size of the hadron, r
. In the nonrelativistic limit the r.m.s. radius is related to the slope 
FIG. 16: The Q
2 -dependence of GE(Q 2 ). We show results for N f =2+1+1 at mπ = 373 MeV (filled blue squares) and N f =2 [1] at mπ = 298 MeV (filled red circles) TMF data on a lattice with spatial length L = 2.8 fm and similar lattice spacing. We also show results with N f =2+1 DWF at mπ = 297 MeV, L = 2.7 fm (crosses) [4] , with a hybrid action with N f =2+1 staggered sea and DWF at mπ = 293 MeV and L = 2.5 fm (open orange circles) [50] , and N f =2 clover at mπ = 290 MeV and L = 3.4 fm (asterisks) [52] . The solid line is Kelly's parameterization of the experimental data [55] from a number of experiments as given in Ref. [55] .
of the form factor at zero momentum transfer. Therefore the r.m.s. radii can be obtained from the values of the dipole masses by using
(25) The electric and magnetic radii are given by r Table IV . In Fig. 18 we present our results on the anomalous magnetic moment, Dirac and Pauli r.m.s. radii. As can be seen, the new results at m π = 213 MeV, although they are still lower than the
The notation is the same as that in Fig. 16. experimental value, show an increase towards that value. In Ref. [7] an analysis of the results using the summation method at m π = 147 MeV with N f =2+1 clover fermions was carried out. It was shown that the value of these three quantities increases to bring agreement with the experimental value. This is an encouraging result that needs to be confirmed.
B. Nucleon generalized form factors with one derivative operators
In this section we present results on the nucleon matrix elements of the isovector one-derivative operators defined in Eq. (22) . The full body of our results are collected in Tables VII and VIII In Fig. 19 we compare our lattice data of the unpolarized and polarized isovector moments obtained for N f =2 [1] TMF for different lattice spacings and volumes to the N f =2+1+1 TMF results of this work. As can be seen, there are no detectable cut-off effects for the lattice spacings considered here, nor volume dependence at least for pion masses up to about 300 MeV where different volumes were analyzed. Also, there is consistency among results obtained using N f =2 and N f =2+1+1 gauge configurations indicating that strange and charm quark effects are small. We would like to point out that the renormalization constant for the vector one-derivative operator is larger by about 2% than the one used in Ref. [38] since in converting to MS we used the 2-loop conversion factor instead of the 3-loop result, thus increasing the value of x u−d . As in the case of the nucleon axial charge, a number of studies were undertaken to examine the role of [59] for the unpolarized and from Ref. [62, 63] for the polarized first moment.
is that the values obtained at m π = 213 MeV for both x u−d and x ∆u−∆d approach the physical value. We would like to remark that the phenomenological value of x u−d extracted from different analysis [56] [57] [58] [59] [60] [61] shows a spread, which, however, is significantly smaller than the discrepancy as compared to the deviation shown by lattice data for pion masses higher than the physical point. The same applies for x ∆u−∆d [62, 63] .
Recent results on A 20 andÃ 20 from a number of groups using different discretization schemes are shown in Fig. 20 . We limit ourselves to results extracted from fitting to the ratio given in Eq. (17) taking a sourcesink separation of 1 fm to 1.2 fm. Once more, there is an overall agreement among these lattice data indicating that cut-off effects are small for lattice spacings < ∼ 0.1fm, for the improved actions used. The decrease (ii) N f =2+1 using DWF for the valence quarks on staggered sea [50] with a = 0.124 fm; (iii) N f =2 clover with a = 0.075 fm [65] . For x u−d we also show recent results using N f =2 clover with a = 0.071 fm [6] and N f =2+1 of tree-level clover-improved Wilson fermions coupled to double HEX-smeared gauge fields with a = 0.116 fm [7] .
seen using TMF at m π = 213 MeV is corroborated by other recent results at near physical pion masses: for x u−d results from Ref. [6] using clover-improved fermions at m π = 157 MeV and Lm π = 2.74, as well as, from Ref. [49] using N f =2+1 flavors of tree-level clover-improved Wilson fermions coupled to double HEXsmeared gauge fields at m π = 149 MeV and Lm π = 4.2, also decrease towards the physical value. Furthermore, for the latter case, three sink-source separations up to 1.4 fm were utilized to apply the summation method reducing the value shown in Fig. 20 further to bring it into agreement with the experimental one [7] . Note that this is opposite to what was found for g A where its value decreased further away from the experimental value. The agreement between the values found in Refs. [6] and [49] , despite the different volumes, indicates that the volume dependence of this quantity is small, again different from 2 -dependence of A20(Q 2 ) (upper) andÃ20(Q 2 ) (lower) shown for i) N f =2 twisted mass fermions for a = 0.089 fm, mπ = 377 MeV (filled red circles) [1] ; ii) N f =2+1+1 twisted mass fermions (this work) for a = 0.082 fm and mπ = 373 MeV; iii) N f =2 clover fermions for a ∼ 0.08 fm and mπ ∼ 350 MeV (open cyan diamonds) [66] ; and iv) N f =2+1 with DWF valence on a staggered sea for a = 0.124 fm and mπ = 356 MeV (open orange circles) [50] .
what was claimed in Ref. [51] for g A . In Ref. [49] it was demonstrated that contributions from excited states increase as the pion mass decreases towards its physical value indicating that excited state contamination may explain the discrepancy between lattice results and the experimental value. Further studies of excited state contamination at near physical pion mass will be essential in order to establish this conclusion.
The Fig. 21 for our two N f =2+1+1 ensembles and for the N f =2 ensemble with the smallest available mass, namely 262 MeV. Since strange and charm quark effects have been shown to be small, one can study the dependence on the pion mass by comparing with results obtained using N f =2 TMF. As the pion mass decreases from 373 MeV to 262 MeV there is no significant change in the values of A 20 (Q 2 ) andÃ 20 (Q 2 ) over the whole Q 2 range. Reducing the pion mass further to 213 MeV leads to a larger decrease in the values of both A 20 (Q 2 ) andÃ 20 (Q 2 ) indicating that near the physical regime the pion mass dependence becomes stronger. Such a pion mass dependence is what one would expect if the lattice QCD data at Q 2 = 0 are to agree with the experimental value. In Fig. 22 we compare our results using TMF to hybrid results and, for A 20 (Q 2 ), we also include N f =2 clover at similar pion masses. There is an overall agreement between clover and TMF for A 20 (Q 2 ), whereas the hybrid data are somewhat lower. The fact that they are renormalized perturbatively might explain their lower values.
Before closing this section we present in Fig. 23 results
for the two N f =2+1+1 ensembles. All these three GFFs can not be extracted at Q 2 =0 directly from the matrix element and therefore we must extrapolate them using an Ansatz to fit the Q 2 -dependence. We performed two types of fits: a linear and a dipole fit. Note that for small Q 2 the two are equivalent. It was generally found that a linear fit describes well the data with smaller errors on the fit parameters. We therefore use the fitted values extracted from the linear fit summarized in Table V 
IV. PROTON SPIN
How much of the proton spin is carried by the quarks is a question that is under study ever since the results of the European Muon Collaboration (EMC) claimed that the quarks carried only a small fraction of the proton spin [67] . This became known as the "proton spin crisis". It was proposed that gluons in a polarized proton would carry a fraction of the spin, which however would be unnaturally large if it were to resolve the EMC spin crisis. It is now understood that the resolution of this puzzle requires to take into account the non-perturbative structure of the proton [68] . In order to use our lattice results to obtain information on the spin content of the nucleon we need to evaluate, besides the isovector moments, the isoscalar moments A 
As already discussed, the total angular momentum J q can be further decomposed into its orbital angular momentum L q and its spin component ∆Σ q as
The spin carried by the u-and d-quarks is determined using ∆Σ u+d =Ã u+d 10 , and therefore we need the isoscalar axial charge. The isoscalar quantities take contributions from the disconnected diagram, which are notoriously difficult to calculate and are neglected in most current evaluations of GFFs. These contributions are currently being computed using improved stochastic techniques [22, 69] . Under the assumption that these are small we may extract information on the fraction of the nucleon spin carried by quarks.
In Fig. 24 we show our results for the isoscalar
for the two N f =2+1+1 ensembles analyzed in this work. It was shown using the N f =2 ensembles at three lattice spacings smaller than 0.1 fm [1] that cut-off effects are small. We expect a similar behaviour for our N f =2+1+1 ensembles. Therefore, we perform a chiral extrapolation using directly all our lattice data for the N f =2 and N f =2+1+1 ensembles. Having both isoscalar and isovector quantities we can extract the angular momentum J In order to extract these quantities we need to know the value of B 20 at Q 2 = 0. As explained already, one has to extrapolate the lattice results using an Ansatz for the Q 2 -dependence to extract B 20 at Q 2 = 0 and two ansätze were considered for the Q 2 -dependence, a dipole and a linear form. For the linear fit we use two fitting ranges one up to Q 2 = 0.25 GeV 2 and the other up to Q 2 = 4 GeV 2 . Thus the extrapolation introduces model dependence in the extraction of the quark spin J q . The values of B 20 extracted using these three ansätze are consistent, with the dipole fit resulting in parameters that carry large errors. In extracting the angular momentum we thus use the data extracted using the extended range linear fit and given in Table V .
We first compare in Fig. 25 our results for the u-and d-quark angular momentum J q , spin ∆Σ q and orbital angular momentum L q to those obtained using the hybrid action of Ref. [50] . As can be seen, the lattice data are in agreement within our statistical errors indicating that lattice artifacts are smaller than the current statistical errors, also for these quantities. In order to get an approximate value for these observables at the physical point we perform a chiral extrapolation using heavy baryon chiral perturbation theory (HBχPT). Combining the expressions for A 20 and B 20 [71, 72] in the isoscalar and isovector cases we obtain the following form for the angular momentum
and take λ 2 = 1 GeV 2 . We also carry out a chiral fit using O(p 2 ) covariant baryon chiral perturbation theory (CBχPT) [73] . All the expressions are collected in Ap- 
Comparison of TMF results (filled symbols) to those using a hybrid action [50] (open symbols). The upper panel shows the angular momentum J u and J d for u-and d-quarks respectively (blue filled squares for N f =2+1+1 and filled red circles for N f =2). The lower panel shows the quark spin (same symbols as for J q ) and the orbital angular momentum (filled green triangles for N f =2 and filled magenta diamonds for N f =2+1+1). The errors are determined by carrying out a superjacknife analysis described in Ref. [50] . The experimental value of ∆Σ u,d is shown by the asterisks and are taken from the HERMES 2007 analysis [70] . pendix B for completeness. As noted these chiral extrapolations are to give an indicative idea of what one might obtain since their range of validity may require using pion masses closer to the physical point.
In order to correctly estimate the errors both on the data points and on the error bands, we apply an extended version of the standard jackknife error procedure known as superjackknife analysis [50] . This generalized method is applicable for analyzing data computed on several gauge ensembles. This is needed for carrying out the chiral extrapolations for the angular momentum J q , orbital angular momentum L q and spin ∆Σ q . Although, there is no correlation among data sets from different gauge ensembles, the data within each ensemble are cor- related. This analysis method allows us to consider a different number of lattice QCD measurements for each ensemble taking into account correlations within each ensemble correctly. It should be apparent that the superjackknife reduces to the standard jackknife analysis in the case of a single ensemble.
In Fig. 26 we show the chiral fits for J q . In the upper panel we show the chiral extrapolation using CBχPT and in the lower the extrapolation using HBχPT. Both have the same qualitative behavior yielding a much smaller contribution to the angular momentum from the d-quark than that from the u-quarks. In the plot we also show the band of allowed values if the fit were performed on data that used the Q 2 = 0 extrapolated values of B 20 from the limited range linear fit. As can be seen, the two bands are consistent. Had we used a dipole Ansatz for the Q 2 = 0 extrapolation, the error band would also be consistent but much larger, especially for smaller pion masses, where there are no lattice data. Therefore, for the rest of the discussion we only show the extrapolation bands obtained using the limited and full Q 2 range linear fits. These results are in qualitative agreement with the chiral extrapolations using the data obtained with the hybrid action [50] .
In Fig. 27 we show separately the orbital angular momentum and spin carried by the u-and d-quarks. The total orbital angular momentum carried by the quarks tends to small negative values as we approach the physical point. This is a crucial result and it would be important to perform a calculation at lower pion mass to confirm that this trend towards negative values remains [74] . After chiral extrapolation, the value obtained at the physical point is consistent with zero in agreement with the result by LHPC. We summarize the values for the angular momentum, orbital angular momentum and spin in the proton at the smallest pion mass, namely at m π = 213 MeV in Table VI . The pion mas dependence of ∆Σ u and ∆Σ d is weak as can be seen in Fig. 25 and if one assumes that this continuues up to the physical pion mass then ∆Σ u agrees with the experimental value whereas ∆Σ d is less negative. As already pointed out, results closer to the physical pion mass will be essential to resolve such discrepancies. In addition, the computation of the disconnected diagrams will eliminate a remaining systematic error and will enable us to have final results on the spin carried by the quarks and consequently on the gluon contribution to the nucleon spin.
V. CONCLUSIONS
We have performed an analysis on the generalized form factors
, extracted from the nucleon matrix elements of the local and one-derivative vector and axial-vector operators using N f =2+1+1 flavors of twisted mass fermions. Our results are non-perturbatively renormalized and they are presented in the MS scheme at a scale of 2 GeV. The comparison of the results using N f =2 and N f =2+1+1 twisted mass fermions with the results obtained using other discretizations show an overall agreement for pion masses down to about 200 MeV. The compatibility of N f =2 data with those including a dynamical strange and a charm quark is an indication that any systematic effect of strange and charm sea quark effects on these quantities for which disconnected contributions were neglected is small. The twisted mass fermion results on the axial nucleon charge remain smaller than the experimental value. The recent results using N f =2 [51] and N f =2+1 [7] clover-improved fermions near the physical pion mass are somewhat in conflict with each other and hard to interpret in a consistent way. Therefore, further investigation is required to resolve the issue. For the unpolarized isovector momentum fraction lattice results show a decrease as we approach the physical pion mass with indications of excited state contamination that needs further investigation.
We also analyze the corresponding isoscalar quantities using directly our lattice data. Of particular interest here is to extract results that shed light on the spin content of the nucleon. Assuming that the disconnected contributions to the isoscalar quantities are small we can extract the spin carried by the quarks in the nucleon. For the chiral extrapolations of these quantities we use HBχPT and CBχPT theory applied to all our N f =2 and N f =2+1+1 data. We find that the spin carried by the d-quark is almost zero whereas the u-quarks carry about 50% of the nucleon spin. This result is consistent with other lattice calculations [50] . 
The spin carried by the quarks is given by the axial coupling g A orÃ 10 (0) as
The corresponding expressions forÃ 10 (0) in the isoscalar and isovector cases are 
We then extract the total spins using 
